Polyethylenimine (PEI), considered as the most potent and promising alternative carrier to viral vectors, has been studied as the "state of the art" among various polymers for nonviral gene delivery applications for many years. Although PEI-based carrier minimizes the bottlenecks associated with viral vectors such as unwanted immunogenicity and production problems, the toxic side effects of PEI prevent its rapid advancements due to nondegradable nature. In this regard, various degradable cross-linking and/or grafting agents have been linked to synthesize degradable PEIs in order to minimize the toxicity and improve the efficacy of PEI-mediated gene carriers. This paper describes an update on various cross-linkers and grafting agents in the design and development of degradable PEI derivatives and their potential applications for effective delivery of DNA in vitro and in vivo. The molecular weight (MW) of PEI and the structural relationship to its cellular toxicity and transfection ability were also discussed. Finally, the potential applications of various degradable PEIs for small interfering RNA (siRNA)-mediated gene silencing were also covered.
Introduction
As a promising treatment strategy, gene therapy is a powerful approach to cure a wide range of both inherited and acquired diseases, including varieties of cancers, cystic fibrosis, severe combined immunodeficiency (SCID), in addition to Parkinson, Alzheimer, and infectious disease such as AIDS. The application of gene therapy is oriented to either attenuation or overriding of the malfunctioning gene by transferring a desired genetic material to targeted cells for achieving therapeutic effect [1] . Although gene therapy is a promising strategy, the success of this approach is limited clinically by the lack of safe and efficient delivery systems [2] . In spite of progressing recent clinical advancements [3] using viral vectors, the unwanted immunogenicity, limited DNA cargo capacity, and problem with large-scale production associated with viral delivery system have led a continuous interest in developing synthetic nonviral gene carriers [4] . As a potential synthetic gene delivery agent, a diverse collection of materials has been investigated, including lipids, polysaccharides, polypeptides, dendrimers, and inorganic nanoparticles [5] . However, a suboptimal gene delivery efficacy of these materials in vivo compared to viral vectors has prevented their wide-spread clinical use [6] . Although viruses have been naturally selected to effectively navigate the multiple intraand extracellular barriers for successful gene transfer, the diversity and flexibility of polymer chemistries open promising potentials to discover and implement functionalities that offer not only efficient gene transfer but also improved and superior biocompatibility, enhanced formulation stability and low cellular toxicity [7, 8] .
Among the variety of nonviral vectors, cationic polymers are holding enormous potentials with many essential advantages for effective delivery of gene or small interference RNA (siRNA). As a transfection vector, cationic polymers are widely investigated due to their unique characteristics with which they can form polyelectrolyte complexes with gene and be able to protect them from DNase enzymes [9] . They can be specifically formulated for the purpose of application with desired physiological and physicochemical properties, such as cell-specific targeting or degradation under certain 2 ISRN Materials Science environment. A wide range of cationic polymers have been designed and characterized to achieve effective gene transfection, including poly (L-lysine) (PLL), polyethylenimine (PEI), gelatin, polybrene, poly (vinyl imidazole), polyamidoamine dendrimers, diethylaminoethyl dextran, poly [Lhistidine-g-poly (L-lysine)], poly (β-amino ester), and chitosan. Various recent reports have elaborately described their gene-binding and complexation capabilities as well as in vitro and in vivo capabilities [10] [11] [12] [13] [14] .
Among various cationic polymers, PEI is one of the most potent nonviral polymeric gene vectors due to its pH buffering capacity. This unique property of PEI helps the gene carriers to escape the endosomal barrier avoiding lysosomal degradation which is an essential step to achieve high gene transfection [9] . Therefore, it has been widely implemented for delivery of DNA or siRNA to the targeted cells for effective treatment [15] . However, the problems associated with PEI are its lack of degradability and hence is too toxic for therapeutic applications [9] , although PEImediated toxicity depends on its molecular weight (MW) and type of PEI structure. The low molecular weight (LMW) linear or branched PEI has low cytotoxicity compared to their high MW counterparts. Moreover, the linear PEIs are more tolerable than the branched ones. However, LMW PEIs suffer from poor transfection efficiency [16] . To overcome these limitations, a number of researchers have explored their investigation on designing and developing degradable PEIs by cross-linking them with various degradable crosslinkers for intracellular degradation through simple hydrolysis, low endosomal pH-depended hydrolysis, degradation by enzymatic function, and cytosolic reductive action by glutathione [9] . As therefore, these PEIs exhibited high transfection efficiency with low cytotoxicity by the rapid in situ degradation of the polymer into LMW water-soluble fragments, which can be easily processed and excreted by the cells.
This paper covers recent advances of designing degradable PEIs as potent and safe carrier systems for DNA and siRNA delivery. It also explains PEI structure relationship to its transfection activity and cytotoxicity. The transfection efficiency of DNA and silencing capability of siRNA based on degradable PEIs as carrier systems prepared with a variety of cross-linkers are also discussed.
Advantages of Degradable PEIs
The transfection efficiency and the cytotoxicity of PEI are closely linked to its structural activity. This structural relationship is an essential issue to be investigated in detail in order to show the effect of chemical structure, hydrophobicity, charge density, and molecular weight of PEI on its transfection activity as well as cytotoxicity. This information could be helpful to explain a basis for further optimization of the synthesized polymers. In nonviral polymeric gene delivery, some polymers show effective gene expression capability, whereas some others are inefficient to show transfection activity although they provide stable polyplexes formation after gene-binding and condensation. The reason behind this might be the difference between the endosomal release mechanism such as the buffering capacity of PEI or the intrinsic membrane active properties. Different polymers have their own endosomal release mechanism, which affects their transfection activity. Therefore, the membrane dispersion activity of polymers should be investigated to gather knowledge on their ultimate fate in the endosome and also it is important to get information about the possible toxic side-effects [17] .
In order to obtain an enhanced transfection activity, the cationic polymer should be able to self-assemble with DNA through electrostatic interaction and condensed it into positively charged polymer/DNA complexes. Also the complexes should be able to protect DNA from degradation by DNase in the cytosol for successful transfection. For safe and effective gene delivery, polymer degradation is another prerequisite milestone to be met. Degradation of polymers could reduce cytotoxicity due to easy elimination of degraded small MW byproducts through excretion pathway. Degradation is also important for unpackaging the polymeric complexes and release of DNA or siRNA for enhanced transfection or silencing. Nondegradable PEI, on the other hand, accumulates in vivo due to lack of degradation and thus, unable to be excreted, resulting in potential cytotoxicity and thus, hampers to show efficient transfection activity [18] . Therefore, it can be revealed that PEI structural function has an intimate relationship to its transfection efficiency and cellular cytotoxicity. The beauty of polymer chemistry offers a great advantage to modulate the structural activity of PEI as desirable ways where the synthesis of degradable PEI derivatives prepared by crosslinking with various degradable cross-linkers has enormous potentials to become a safe and effective carrier system for gene or siRNA.
Classification of Degradable PEI Derivatives
The design for synthesis of PEI derivatives with degradable properties is oriented either with the inclusion of degradable backbones or reducible linkages. Degradable PEIs can be classified into linear, branched, and grafted PEIs, based on the differences in structure and classified according to degradable linkages.
Degradable PEIs according to Structural Differences

Degradable Linear and Branched PEIs.
Various degradable linkages such as ester, disulfide, amide, imine, carbamate, and ketal are potentially used to synthesize degradable PEIs through cross-linking between PEIs and the crosslinkers.The first degradable cross-linked PEI was reported by Gosselin et al., who synthesized a cross-linked LMW PEI through dithiobis succinimidylpropionate (DSP) and dimethyl 3, 3 -dithiobispropionimidate (DTBP) as the crosslinking agents for the purpose of highly effective gene delivery [19] . These cross-linkers introduced disulfide bonds in the cross-linked PEI structure to acquire degradable properties and provided effective gene transfection with reduced cytotoxicity in Chinese hamster ovary (CHO) cells, because the introduced disulfide bonds by cross-linking were reduced by glutathione, which is an intracellular reducing agent. It is noted that the transfection activity by the polymer-mediated gene delivery varies according to the nature of cross-linking agents, conjugation manner and the charge ratio (N/P) (nitrogen/phosphate) or weight ratio. As a cross-linking agent, disuccinimidyl suberate (DSS) and ethylene glycol bis (succinimidylsuccinate) (EGS) were also used to cross-link LMW PEI to prepare degradable PEIs [20] . The synthesized degradable PEIs having amide-linkages showed transfection activity of 550 folds higher compared to the LMW PEI and also superior by an order of magnitude than the "state-of-the-art" branched PEI (25 kDa) with low toxicity. Furthermore, the in vivo transfection result showed that the degradable cross-linked PEI exhibited 17 to 80-fold higher gene transfection efficiency compared to the unmodified PEI, which was also 2-fold increased than that of PEI 25 kDa without increasing any significant cytotoxicity level [20] . In another report, Forrest et al. used 1,3-butanediol (or 1,6-hexanediol) diacrylate as a crosslinking agent with LMW PEI (800 Da) to synthesize the ester cross-linked degradable PEI derivative [21] . It was revealed that synthesized degradable PEI had a high MW of 14 kDa, because both the primary and secondary amine groups were reacted with the acrylate groups resulting in a highly branched and cross-linked final product. The half-life of the cross-linked degradable PEI was 4 h, owing to rapid hydrolysis of the polymeric ester linkages at physiological environments, producing the diol linkers and amino acid as byproducts [21] . The physicochemical properties of the degradable PEI-mediated binding of DNA exhibited similar phenomenon with the widely investigated branched PEI 25 kDa; however, they expressed highly impressive gene transfection activity between 2-and 16-fold higher in comparison to the PEI 25 kDa in MDA-MB-231, a breast cancer cell with much lower cellular toxicity [21] . Degradable cross-linked PEIs were also synthesized based on oligoamines and various cross-linkers such as DTBP, DSP, and hexanediol diacrylate by the polymer library technique [22] . These cross-linked degradable PEIs possessed both disulfide bonds as well as ester linkages to improve their biodegradability. The degradable polymers showed higher gene transfection capacity than the high molecular weight liner PEI (22 kDa) with hemocompatibility, because of the reductive cleavage of the disulfide bonds and the ester linkage hydrolysis. It is important to know that the reaction condition during synthesis of degradable PEI is an important parameter to regulate the degradable properties of the polymer. Kloeckner et al. described that the temperature of the Michael addition reaction, an evergreen reaction procedure for polymer synthesis, is important for the regulation of the synthesized polymer degradability [22] . An elevated reaction temperature (such as 60 or 80 • C) provided higher amide/ester ratios compared to lower temperature (such as 20 • C) and hence showed slow degradation half-lives [23] .
Park et al. cross-linked linear PEI (MW: 423 Da) with poly (ethylene glycol) (PEG) diacrylate having three different MWs (258, 575, and 700) to synthesize degradable PEIs as shown in Figure 1 [24] . Molecular weight (MW) of the synthesized polymer varied from 7,980 to 12,860 according to the reaction conditions. The copolymer (PEI-alt-PEG) rapidly degraded at physiological conditions, where the high MW (575) showed short half-life of 8 h than that of PEI-alt-PEG having low MW (258). Interestingly, the transfection efficiency was significantly affected by the variation of MW of PEG in the PEI-alt-PEG copolymer in various investigated cell lines as shown in Figure 2 due to the shielding effect raised from the PEG segments, where the shielding effects of PEG in the copolymer increased with the increase of PEG MW, resulting in a reduced interaction of the PEI-alt-PEG/DNA complexes to the cells [24] .
The degradable linear PEIs possess a low amine density since they contain merely the tertiary amine groups at the sterically crowed environment [25] . Thus, degradable branched PEIs have gained interest over the linear ones as they have a number of merits owing to their high amine density. Since the linear PEIs have limited amine density, they may not be effective for condensation as well as protection of DNA, which ultimately cause inefficiency to show gene transfection. Therefore, branched PEIs are the automatic choice for synthesizing degradable PEIs, although there should be proper optimization to control the reaction conditions, because branched PEIs have primary, secondary, and tertiary amine groups. In terms of degradability, branched degradable PEIs degrade slowly owing to less water accessibility in their branched structure for ester hydrolysis [26] ; on the other hand, linear PEIs have short half-lives and show reduction in chain length rapidly even a few cleavages, which facilitate fast decrease in molecular weight [25] .
The synthesis of degradable branched PEI by crosslinking of the LMW PEI (1200 Da) with the oligo (L-lacticco-succinic acid) was reported by Petersen et al. [20] . The degradation of the synthesized copolymer was facilitated via base catalyzed hydrolysis of amide bonds. Due to the amide cross-links at the polymeric structure, the degradation of the polymer was very slow with reduced half-life at physiological pH (pH 7.4). This degradable PEI derivative showed significantly increased (10-fold) transfection activity compared to the starting PEI of 8 kDa with lower cytotoxicity [20] . Ahn et al. applied various LMW PEIs (600, 1200, and 1800 Da) to cross-link with bifunctional PEG in order to synthesize degradable PEI with carbamate linkage. The synthesized degradable PEI cross-linked using PEG showed significantly higher transfection activity (3-times) in human embryonic kidney (293T) cells compared to the starting PEI 1800 with good cell viability percentages (80%). However, the gene transfection capability of the copolymer was lower than that of the high molecular weight branched PEI 25 kDa [27] . The degradable branched PEI was also synthesized by acid labile imine-linkers through simple reaction conditions [28] . In this case, the polymer degraded rapidly at acidic environments with a half-life of 2.5 h and exhibited transfection efficiency similar to PEI 25 kDa without perceptible cellular toxicity.
Degradable PEI containing disulfide linkages has also been considered as a highly efficient gene carrier system. There are various reports that described the synthesis of disulfide-conjugated degradable PEIs where the disulfide bonds can be cross-linked either in the main chain or the side chain of the synthesized polymer. Gosselin et al. pioneered the synthesis of the disulfide linkage-based degradable PEIs, as described earlier, where the degradable PEI contained disulfide bonds in the main chain [19] . Lin and Engbersen investigated the synthesis of poly (amido amine) and their structural effects on effective gene transfection [29] . They synthesized poly (amido-ethylenimines) (PAEIs) by Michael addition reaction of cystamine bisacrylamide (CBA) with three different ethylenediamine (EDA), diethylenetriamine (DETA), and triethylenetetramine (TETA). These synthesized copolymers containing three disulfide linkages exhibited excellent transfection activity with 20 folds higher compared to PEI 25 kDa in various cell lines, including NIH3T3, endothelial and smooth muscle cells [29] . Recently, Zhang and Vinogradov demonstrated the synthesis of disulfidelinked degradable PEIs in the main chain between the CBA and the LMW linear PEI (423 Da) [30] . The copolymer provided almost 5-fold higher gene transfection capacity than that of nondegradable PEI (22 kDa) in brain capillary endothelial cells in the presence of serum owing to the mild reduction of the disulfide chain of the carrier. Figure 3 [34] . An effective DNA condensation and physicochemical properties such as small particle size at nanometer scale (150 nm) were achieved by the synthesized copolymer. Moreover, the modified degradable PEI exhibited much higher transfection capability compared to the PEI 25 kDa in various cancer cells such as A549, 293T, and HepG2 with significantly increased cell viability, due to the presence of hydrophobic segments in the degradable PEI derivative. It is important to mention that the polymer showed a slight serum-dependency on transfection activity in A549 cells when the polymer contained an increased poloxamer up to 30 wt.-percent [34] . In another work, Arote et al. synthesized degradable branched PEI by Michael addition reaction between the branched PEI varying three different LMWs (600, 1200, 1800 Da) with polycaprolactone (PCL) diacrylate as shown in Figure 4 [35] . The final MW of the PCL-based degradable PEI (PCL/PEI copolymer) ranged from 2,288 to 15,460 according to the difference in MW of the reacted PEI and feed ratio of PEI to PCL. The half-life of the PCL/PEI copolymer was 4.5 to 5 days, which is longer compared to that of linear PEI-alt-PEG [24] , because PCLbased degradable PEI consisted of hydrophobic PCL crosslinked to branched PEI. The synthesized polymer showed stable DNA condensation ability and particle sizes less than 200 nm, which was highly effective for efficient endocytosis into cells. Moreover, the polymers exhibited significantly less cytotoxicity in various cell lines (293T, HeLa, and HepG2). The most important was that the transfection efficiency of PCL/PEI copolymer was 15-20 folds higher compared to that of PEI 25 kDa and comparable to Lipofectamine used as a control, due to the hydrophobic properties of PCL and the reduced toxicity of the polymer. Furthermore, a successful ISRN Materials Science and enhanced in vivo transfection was observed after aerosol administration of the polymer/DNA complexes in mice [35] . The same group further synthesized and optimized another derivative of degradable PEI based on glycerol dimethacrylate (GDM) as a cross-linking agent to conjugate LMW branched PEI (1,200 Da) as shown in Figure 5 [36] . The degradation of the copolymer occurred slowly with a half-life of 9-10 days owing to the polymeric hyperbranched structure. The synthesized GDM/PEI copolymer stably condensed DNA as well as protected from DNase and elucidated a preferable characteristics of the polymer/DNA complexes with suitable sizes (∼150 nm) and surface charges of the particles (30-55 mV) at physiological pH. Impressively, the GDM/PEI system elucidated a significantly less cellular toxicity with much higher transfection capability than that of PEI 25 kDa as well as the commercial Lipofectamine in three different cell lines (HeLa, HepG2, and 293T), owing to the synergistic effect of hyperosmotic property of GDM segments and proton sponge-active PEI backbone in the copolymer. The degradable GDM/PEI-mediated gene carrier also showed enhanced in vivo gene transfection ability [36] .
Recently, Islam et al. also implemented the hyperosmotic active degradable PEI concept, where the polymer was synthesized from sorbitol dimethacrylate (SDM) to crosslink the LMW linear PEI (423 Da) through Michael addition reaction as shown in Figure 6 [37]. The reaction condition was set up at 80 • C to increase the cross-linking efficiency and the final molecular weight of the polymer. The synthesized degradable polymer showed excellent DNA-binding capacity as well as protection of DNA from DNase enzymes at very low N/P ratio (such as N/P of 0.5); it even contained LMW linear PEI (423 Da) which was reported ineffective to condense DNA even at N/P ratio of 50 [24] . The nanosized (∼200 nm) polymer/DNA complexes exhibited excellent stability in the presence of various serum percentages since they significantly retained the structural activity of the complexes in serum conditions and after lyophilization compared to that of PEI 25 kDa, due to the presence of many hydroxyl groups in the polymer backbone, which was also responsible for lowering the surface charge of the particles. The polymer consisted of ester-linkages as a degradable part and showed highly accelerated transfection activity compared to the PEI 25 kDa and comparable to Lipofectamine with significantly less cytotoxicity. The most interesting was that the synthesized degradable polymer exhibited several fascinating transporter mechanisms which were responsible for higher transfection activity, not only due to degradability of the synthesized material, but also owing to introduction of osmotic active polysorbitol property to the degradable cross-linked LMW PEI [37] . They termed this novel gene carrier as a polysorbitol-based osmotic active transporter (PSOAT), where the mechanism studies elucidated that the polysorbitol linkages, introduced by cross-linking of SDM to LMW PEI, with polyvalent capacity showed accelerated transfection efficiency than the monovalent sorbitol. Moreover, the transfection activity of PSOAT was highly prevented by a COX-2-specific inhibitor (SC236) according to the inhibitor dose-dependent manner, suggesting that COX-2 might be involved in acceleration of the PSOAT-mediated gene transfer, since there were reports on hypertonicity-dependent coregulation of COX-2 activity with the organic osmolyte-dependent adaptation of cells to hyperosmotic stress, where COX-2 inhibition reduced organic osmolytes (such as sorbitol) uptake by the cells [38, 39] . Furthermore, PEI also had synergistic effect on increasing the transfection activity of the transporter system with their buffering capacity [37] . based on linear or hyperbranched LMW PEIs to increase transfection activity and reduce cellular toxicity. Most of the studies applied degradable polymers such as chitosan, dextran, PCL, and polypropylenimine dendrimers as well as nonionic hydrophilic cyclodextrin (CD).
Pun and coworkers first reported the grafted PEI derivative synthesized from high MW PEI and CD for gene delivery purposes [40] . Tang et al. synthesized degradable grafted PEI based on β-CD-carbonate benzotriazole with LMW PEI (600 Da) through a polycondensation reaction [41] . The MW of the polymer reduced from 61 to 30 kDa within 30 days in phosphate-buffered saline (PBS) (pH 7.0) at 37 • C, because of carbamate carbaryl hydrolysis in the grafted polymer, whereas their degradation in Tris-buffer was not obvious. In neuronal cells, the polymer showed enhanced gene transfection compared to PEI 25 kDa. Also they found comparable gene expression to PEI 25 kDa after intrathecal injection of the complexes into spinal cord of rat [41] . In another study, Yang et al. grafted CD as a grafted polymer to LMW PEI chains. The synthesized polymer was stable and protected from hydrolysis under physiological conditions owing to the urethane linkages in the polymeric arms. They effectively condensed DNA and showed higher transfection efficiency and safety compared to PEI 25 kDa [42] . Chitosan has been studied extensively for many years as a nonviral carrier due to their less-toxic, biodegradable and biocompatible nature. However, one of the most important limitations for application of chitosan was their low transfection capability [43] . Giving eye on that PEI-graft-chitosan was synthesized through cationic polymerization of aziridine in the presence of water-soluble chitosan (3400 Da) to obtain the combined properties of PEI with proton-sponge effect for increasing transfection activity and of chitosan with biocompatible and degradable characteristics for reducing the toxicity [44] . The synthesized grafted degradable PEI provided higher transfection efficiency and safety compared to the control PEI 25 kDa in various cell lines because of the PEI and chitosan function, respectively. Moreover, the grafted polymer exhibited 58-fold higher transfection activity than that of PEI 25 kDa in liver after delivery into the bile-duct in rat liver [44] . In another recent report, chitosan-graft-PEI was synthesized by Jiang et al. through the reaction between LMW PEI (1800 Da) and periodateoxidized chitosan as shown in Figure 7 . The grafted polymer showed good DNA binding as well as protection ability with higher transfection efficiency and safety [45] .
Lou et al. also used a short PEG-linker (440 Da) with the terminal epoxide rings in the synthesized PEI-graft-chitosan to reduce the cytotoxicity of the grafted PEI carrier. The polymer showed a significantly high cell survival and gene expression than that of chitosan itself in 293T cells [46] . Another report showed the use of N-maleated chitosan to graft PEI for synthesis of PEI-graft-N-maleated chitosan carrier for gene delivery. The grafted polymer showed low toxicity and high gene expression in 293T and HeLa cells; however, a high toxicity and low transfection activity was observed by the high MW polymer than the LMW one [47] .
As a biodegradable natural polysaccharide, dextran has been a handy polymer for gene delivery application, because they can be enzymatically digested in the physiological conditions and would favor reduction of toxic effects and increase of transfection. Dextran-graft-PEI, synthesized through grafting the LMW PEI (800 Da) using hexamethylene diisocyanate modified dextran, showed high transfection ability with lower toxicity compared to the PEI 25 kDa-mediated gene carrier, although these depend on MW of dextran, where the LMW dextran was beneficial to increase gene expression and reduce cellular toxicity than the high MW one [48] . The same groups also tried with carboxymethyl dextran, another dextran derivative to Figure 7 : Proposed reaction scheme for synthesis of CHI-g-PEI [45] . graft the LMW PEI (800 Da) and found enhanced gene transfection capability and to lower cytotoxicity of the carrier [49] . It is interesting to be noted that among the studies of chitosan and chitosan derivatives-mediated grafting of PEI, the enhanced transfection activity with low toxic effects were achieved through the LMW PEI than the high MW one. Zhang Figures 8 and 9 , respectively [51, 52] . The cytotoxicity of the branched PEI-grafted polymer was higher than that of the linear PEI-grafted one, thus exhibited lower transfection, suggesting that linear PEI is more tolerable than branched one. by Michael addition reaction between LMW PEI (423 Da) and PEG diacrylate by Park et al. [53] . The half-life of the polymer with MW of 258 in PEG diacrylate was longer than that of the polymer prepared by 1,3-butanediol diacrylate due to the higher MW of diacrylate. The transfection efficiency of the polymer in MG63 cells was higher than that of PEI (25 kDa) with lower cytotoxicity. Also transfection efficiency in various organs of mice between intravenous (IV) administration and aerosol one using this polymer was compared [53] . The polymer showed high transfection efficiency in all of mice organs than PEI (25 kDa) in both routes of administration owing to the lower cytotoxicity. Interestingly, aerosol administration as a local delivery showed much higher transfection efficiency in lung than IV one as a systemic delivery due to easy access to pulmonary tissues through aerosol delivered first pass effect as shown in Figure 10 [53] . Furthermore, they prepared degradable PEIs based on PEG dimethacrylate and LMW PEIs (600, 1200, and 1800 Da) by the same Michael-addition reaction [54] . The polymer showed comparative transfection efficiency in 293T, HeLa, and HepG2 cells compared to PEI (25 kDa) and the gene expression of the polymer was increased with increasing the MW of starting PEIs owing to the increased proton sponge effect with an increase of MW of PEI.
Recently mannitol diacrylate [56] with low MW PEI (1,200 Da) via a Michael addition reaction. The polysorbitol-mediated transporter showed higher transfection efficiency in three different cell lines (A549, HeLa, and 293T cells) than PEI (25 kDa) by regulation of selective caveolae endocytosis pathway as shown in Figure 11 [55] by hyperosmotic polysorbitol despite the existence of PEI composition in the polymer. Also the polymannitol-based gene transporter as shown in Figure 12 showed higher transfection efficiency in A549, HeLa, and N2a cells with lower cytotoxicity than PEI (25 kDa) and selectively stimulated caveolae-mediated endocytosis by hyperosmotic polymannitol. The shifting of polyplexes into caveolae-mediated endocytosis avoided lysosomal degradation of gene and introduced phosphorylation of caveolin-1 through Src-kinase [56] . The characteristics of degradable PEIs having ester linkage are summarized in Table 1 .
Disulfide
Linkage. The disulfide linkage as redoxsensitive bond can be cleaved in the presence of reducing enzyme such as glutathione reductase or glutathione [57] . Since glutathione concentration in the cytoplasm (0.5-10 mM) is much higher than in the plasma (2-20 μM), the disulfide bond can be rapidly degraded in the intracellular environment whereas the bond is relatively stable in the extracellular environment [58] . Therefore, many disulfidecontained polymeric gene carriers have been developed. Some of degradable PEIs with disulfide linkage were also explained in Section 3.1.
Bauhuber et al. prepared a library of PEG-PEI diblock copolymer having disulfide bond between PEG block and PEI one and studied a structure-function relationship of the polymers [59] . The results indicated that the PEG content was higher than 50% and had a greater effect on the physicochemical properties of the polyplexes than PEI Figure 13 : Proposed reaction scheme for synthesis of galactosylated chitosan-graft-polyethylenimine (GC-g-PEI) [74] . although the transfection efficiency of these polymers was significantly reduced compared to the PEI (25 kDa) and it was restored by the redox triggerable PEG domain.
PEI
Recently, Zhang et al. prepared polyaspartamide-based disulfide-containing brushed PEI by click chemistry because the click chemistry has become a very popular technique for polymer synthesis owing to the high selectivity and fidelity [60] . The polymer showed higher transfection activity with lower cytotoxicity than PEI (25 kDa) both in the presence and absence of serum due to the reduction-sensitivity of the polymer in the intracellular environment. The characteristics of degradable PEIs having disulfide linkage are summarized in Table 2 .
Imine Linkage. Imine linkage can be synthesized by nucleophilic addition from an aldehyde or ketone and amine.
But the imine linkage can be hydrolysed with water and more rapidly hydrolysed to the corresponding amine and carbonyl compound at the acid condition. Also, the imine can be reduced to an amine by the reducing agent.
Kim et al. prepared degradable PEI by reaction of glutaraldehyde and LMW PEI (1800 Da) with acid-labile linkages [28] . The polymer showed comparable transfection efficiency in 293T and A7R5 cells with lower cytotoxicity due to the rapid degradation of imine linkage with a halflife of 1.1 h at pH 4.5. Many researchers have prepared degradable PEIs with imine linkage by reaction of chitosan and LMW PEI because the limitation of low transfection efficiency of chitosan can be overcome by buffering capacity of PEI in the prepared polymer. Ping et al. prepared chitosangraft-(PEI-β-CD) via reductive amination between oxidized chitosan and LMW PEI-modified β-CD with imine linkage for DNA and siRNA delivery [61] . The polymer showed higher transfection efficiency in HEK293, L929, and COS7 cells than PEI (25 kDa) with both time-and dose-dependent manners. Also the polymer showed superior knockdown effect by siRNA in HEK293 and L929 cells with lower cytotoxicity. Furthermore, the pendent β-CD in the polymer allowed the supramolecular PEGylation to improve stability of the polyplexes under physiological conditions.
Recently, Jiang and Salem prepared dextran-graft-PEI by reaction of dextran and LMW PEIs (800 and 2000 Da) as a similar method of chitosan-graft-PEI having imine linkage because dextran is also a biocompatible polysaccharide [62] . The polymer showed moderately lower transfection efficiency in HEK293 cells than PEI (25 kDa) when the transfection was carried out in media without serum for 4 h whereas the polymer showed significantly higher transfection efficiency when the incubation time of the vectors in the presence of serum was increased to 48 h with lower cytotoxicity due to the improved stability in serum containing conditions. Some of degradable PEIs with imine linkage were also included in Section 3.1.
Carbamate Linkage.
Carbamate is derived from carbamic acid. The carbamic acid is often chemically interconverted to the carbamate ester such as urethane. Therefore, the carbamate linkage is relatively stable.
Ahn et al. prepared degradable PEI by a reaction of PEG succinimidyl succinate and LMW PEI (600, 1200, and 1800 Da) via carbamate linkage [27] . The polymer exhibited 3-fold higher transfection efficiency in 293T than starting LMW PEI, while the cell viability was maintained over 80% although the transfection efficiency of the polymer was lower than PEI (25 kDa) probably due to hydrophilic nature of PEG. Xu et al. prepared degradable PEI by a reaction of 1,4butanediol bis (chloroformate) and LMW PEI (800 Da) via carbamate linkage [63] . The polymer exhibited remarkably higher transfection activity in MeWo cells as compared with PEI (25 kDa) although molecular weight of obtained polymer is not much high (MW = 2,800 Da). Liu et al. synthesized poly (ester-co-urethane)-PEI conjugate as the degradable PEI through aminolysis of poly (ester-courethane) by LMW PEI (800 Da) [64] . The polymer has two degradable linkages: one is ester bond in the main chain and the other is carbamate one in the side chain. Also this polymer showed higher gene expression in COS7 cells than PEI (25 kDa) with lower cytotoxicity due to degradation with a half-life of 14 h at pH 7.4.
Zhao et al. compared transfection efficiency in vitro and in vivo between degradable PEI based on glutaaldehyde and LMW PEI (2,000 Da) having imine linkages and degradable PEI based on activated triethylene glycol and LMW PEI (2,000 Da) having biscarbamate linkages [65] . The results indicated that PEI having acid-labile imine linkages exhibited higher transfection ability than PEI having biscarbamate ones although the mechanism is not clear. Recently, Wang et al. prepared degradable PEI by reaction of ethylene bis (chloroformate) and LMW PEI (800 Da) via biscarbamate linkages [66] . The polymer exhibited higher transfection efficiency in three different cells (COS7, BRL-3A, and HeLa cells) than PEI (25 kDa) with low cellular toxicity.
Amide Linkage.
Generally amide linkage is more stable to hydrolytic degradation than ester linkage at physiological conditions.
Xiong et al. synthesized poly (aspartate-graft-PEI 800) by grafting LMW of PEI (800 Da) to a polyaspartate backbone obtained by ring opening polymerization of β-benzyl Laspartate N-carboxyanhydride via amide linkage [67] . The polymer induced inflammation as well as apoptosis and necrosis in the liver and spleen of rodents at 24 h, whereas the polymer did not show tissue damage or apoptosis by day 5. Also the optimized polymer showed higher transfection activity than PEI (25 kDa) due to the decreased cell toxicity.
Lu et al. grafted LMW PEI (800 Da) to N-succinyl chitosan via amide linkages [68] . The polymer exhibited higher transfection efficiency in three different cell lines (293T, HeLa, and CHO cells) than PEI (25 kDa) with lower cytotoxicity although the toxicity increased with increasing grafting degree of PEI. Also the transfection efficiency was not affected in the presence of serum owing to hydroxyl groups in the chitosan. Wen et al. synthesized PEGb-polyglutamine-g-PEI by aminolysis of PEG-b-poly (γbenzyl-L-glutamate) obtained through ring opening polymerization of γ-benzyl-L-glutamate N-carboxyanhydride by amine-terminated PEG using LMW PEI (423 Da) [69] . The polymer showed markedly higher transfection efficiency in four different cell lines (HeLa, HepG2, Bel9402, and 293T cells) with lower toxicity and the polymer was degraded in papain solution due to the amide linkages. Also the presence of serum did not affect the transfection efficiency due to the brush effect of PEG in the copolymer.
Namgung et al. prepared degradable star-shaped copolymers based on multi-arm PEG succinimidyl succinate (3arm and 6-arm) and LMW PEI (2.5 kDa) via amide linkages [70] . The polymer having 6-arm PEG exhibited higher transfection activity in three different cell lines (HeLa, NIH3T3 and PC-3 cells) than 3-arm-containing PEG in the polymer due to higher charge density and prevention of unwanted aggregation of the polyplexes obtained by 6-arm polymer than 3-arm one.
Yu et al. grafted linear LMW PEI to poly (L-succinimide) (PSI) obtained by polycondensation of L-aspartic acid via amide linkages as shown in Figure 9 [52] . The polymer showed significantly higher transfection ability in three different cell lines (HeLa, 293T, and HepG2 cells) with lower toxicity because a brush-like polycation resulted from the high grafting degree of PEI to polyaspartate formed coreshell nanoparticles with hydrophilic shell and resulted in serum-resistant ability after transfection. They also grafted branched LMW PEI (600 and 1200 Da) to the PSI as a similar method with linear LMW PEI via amide linkages [51] . The polymer showed slightly higher transfection activity in HeLa, 293T, and HepG2 cells with lower cytotoxicity than PEI (25 kDa) and the transfection efficiency decreased as the MW of the parent PEI increased due to increased charge density and toxicity of PEI.
Ketal Linkage.
At mild acidic pH such as pH 5.0, ketal linkage is highly labile and causes release of DNA from the acidic endosome as well as lysosome into the cytoplasm [71] . Recently, Kwon et al. synthesized degradable PEI by partial conjugation of LMW PEI (800 Da) using acid-degradable amine-bearing ketal. PEI ketalization facilitated dissociation of the polymeric complexes upon hydrolysis and released DNA, thus improved transfection activity which also showed less toxicity [71] . They also tried to optimize the ketalization of LMW PEI (800 Da) to maximize the efficacy of the gene carrier. They found that ketalization ratios up to 70% showed the increase in transfection efficiency in NIH3T3 cells, although higher ketalization of 90% dramatically decreased the transfection activity of the carrier [72] .
Specific Ligand Modification of Degradable PEIs
DNA or siRNA has to be delivered through extracellular and intracellular barriers to reach to the cellular nucleus or cytosol. One of the most used strategies to overcome the extracellular barrier in the polymeric gene delivery system is to introduce specific ligand to the gene carrier for specific binding of the ligand to the cell receptors and enhancing the transfection efficiency of the DNA or gene silencing using siRNA. In this section, we will discuss several specific ligands attached to the degradable PEIs.
4.1.
Galactose. Galactose has been reported for targeting parenchymal cells in the liver cells because hepatocytes of the parenchymal cells have large numbers of cell surface receptors that recognize and bind molecules with exposed galactose residues in the carrier [73] . To introduce the hepatocyte target-specificity, Jiang et al. attached the galactosemoiety into the chitosan-graft-PEI as shown in Figure 13 to prepare galactose-containing chitosan-graft-PEI (GCGP) [74] to achieve hepatocyte-specificity. Their results showed that the GCGP transfected HepG2 cells containing much more asialoglycoprotein receptors (ASGPRs) than HeLa cells without the receptors, suggesting the receptor-mediated cellular internalization of GCGP. This degradable grafted PEI displayed higher transfection efficiency in mice liver after intraperitoneal administration of the carrier [74] . The problems associated with GCGP were their tendency to aggregate and insufficient capability to avoid the serum protein adsorbance in the blood stream. To overcome these drawbacks, they introduced PEG into the GCGP to synthesize the galactosylated-PEG-chitosan-graft-PEI (GPCGP) gene carrier as shown in Figure 14 [75] . Here, PEG helped to increase solubility of the polymer, decrease aggregation of polyplexes as well as cellular toxicity and lower the opsonization with serum proteins in the systemic circulation [76] . The result thus demonstrated that 99m TC-PEI/DNA particles quickly gathered in the lungs, on the other hand, 99m TC-GPCGP/DNA complexes accumulated in the lungs, liver, and heart due to the increased circulation time after intravenous injection into mice owing to hydrophilic nature of PEG. Further, 99m TC-GPCGP/DNA complexes accumulated in the mice liver much more over the time compared to that of 99m TC-PEI/DNA and 99m TC-chitosangraft-PEI/DNA complexes, because of the specific interaction between the galactose-moieties and ASGPRs in hepatocytes [75] .
4.2.
Mannose. The mannose receptors are present on the surfaces of macrophages and dendritic cells as the antigenpresenting cells (APCs). The APCs expressing high levels of mannose receptors are used to mediate endocytosis and phagocytosis of a variety of antigens that expose mannose [77] . Jiang et al. prepared mannosylated chitosan-g-PEI through thiourea reaction between isothiocyanate groups of mannopyranosyl phenylisothiocyanate and amine ones of chitosan-g-PEI for macrophage targeting as shown in Figure 15 [78] . The polymer exhibited higher transfection efficiency than chitosan-g-PEI with lower cytotoxicity in RAW264.7 cells having mannose receptors due to the specific interaction of mannose receptors or RAW264.7 cells and mannose in the carrier, indicating of receptor-mediated endocytosis.
Folic Acid.
Folic acid (FA) is a ligand targeting cancer cells because folate receptors (FRs) are overexpressed on many human cancer cell surfaces and FA has high affinity to the FRs (Kd < 1 nM) [79] . Jiang et al. prepared folate-chitosan-g-PEI (FC-g-PEI) through the imine reaction between periodate-oxidized folated chitosan and LMW PEI (1800 Da) for delivery of Akt1 shRNA to FRs-overexpressing cancer cells as shown in Figure 16 (a) [80] . The FC-g-PEI showed higher gene expression in KB cells having FRs than chitosan-g-PEI with lower toxicity. Also aerosol delivery of FC-g-PEI/Akt1 shRNA complexes suppressed mouse lung tumorigenesis in a urethane-induced lung cancer model mouse through the Akt1 signaling pathway mechanism, suggesting that the FC-g-PEI might be useful for shRNAbased gene therapy. Arote et al. also introduced FA into poly (ester amine) (PAE) based on PCL and LMW PEI to deliver TAM gene as a therapeutic gene for the tumor targeting as shown in Figure 16 (b) [81] . The folate-PEG-PEA was found to have a high affinity for FR-positive cells compared to PEA without FA and higher transfection efficiency in FR-positive cells than FR-negative ones. Also folate-PEG-PEA exhibited marked antitumor activity against FR-positive KB tumors in mice through subcutaneous injection of TAM69 gene into the tumors of BALB/c mice. Furthermore, the therapeutic effect by the folate-PEG-PEA/TAM gene complexes occurred in the apparent absence of weight loss or noticeable tumor apoptosis.
Peptide and Protein.
It is worth mentioning that the disulfide linkage-contained PEIs are highly effective to increase transfection activity, however, not encouraging for in vivo system due to their nonspecific interaction with the anionic components such as blood cells and plasma protein, which exhibit polyplexes instability with nonspecificity for gene targeting. To circumvent these bottlenecks, specific cellbinding ligands have been introduced to the carrier for particular target of interest with high specificity. Sun et al. modified the disulfide-containing degradable PEI with RGD peptide, a specific ligand for targeting the integrin receptors that were expressed on most of the cell surfaces, for receptor-mediated endocytosis of the carrier [31] . The problem, however, was the inefficient transfection capability of the RGD-conjugated polyplexes in HeLa cells, because the binding between polyplexes containing RGD and the cell surface integrins was inhibited by the interactions between the surplus RGD and the integrin receptors. They further modified the disulfide-carrying degradable PEI with biotinylated transferrin for p53 gene delivery since the tumor cells overexpress transferrin receptors [82] . A high transfection capability was shown by the synthesized polymers in HepG2 as well as HeLa cells due to the specific interactions between the transferrin ligands and their tumor cell receptors [83] . In another study, Hwang et al. reported rabies virus glycoprotein (RVG) peptide-conjugated disulfide containing degradable PEI for target-specific delivery of micro-RNA (miRNA) to the parenchyma of brain. The result demonstrated an enhanced accumulation of miRNA in the brain through a highly neuron-specific targeting of the polymer/miRNA complexes by the RVG peptide after injection into mice via tail veins [84] . Huang et al. conjugated oligopeptide with degradable grafted PEI based on 2-hydroxypropyl-γ-CD and LMW PEI (600 Da) for targeting human epidermal growth factor receptor 2 (HER2) overexpressed in many breast and ovarian cancer [85] . The polymer exhibited strong targeting specificity to HER2 receptor and high transfection efficiency in HER2-positive human ovarian cancer SKOV-3 cells. Also the carrier significantly increased the antitumor effect on tumor bearing nude mice as compared to PEI (25 kDa) through delivery of therapeutic interferon-α gene. They also coupled another oligopeptide with degradable grafted PEI based on β-CD and LMW PEI (600 Da) for targeting epidermal growth factor receptor (EGFR)-2 as the EGFR is overexpressed in epithelial derived cancer cells [86] . The carrier had the highly efficient gene expression in the EGFRpositive liver cancer cells and achieved favorable inhibition of tumor growth in vivo by delivery of acetylcholinesterase gene.
Recently, Liu et al. coupled bifunctional peptide of RADC-Tat having tumor targeting and cell penetrating properties introduced to degradable PEI obtained by crosslinking of LMW PEI (2000 Da) with Pluronic P123 through carbamate bond between P123 and PEI [87] . The polymer showed higher transfection efficiency in HeLa and B16 cells with a lower cytotoxicity in comparison with PEI (25 kDa) due to the tumor targeting by the RGD peptide and enhanced cell penetration by the Tat peptide. Zeng et al. introduced biotinylated transferrin into avidin and biotinylated degradable PEI obtained by reaction of cystamine bisacrylamide and LMW PEI (800 Da) through disulfide linkage for tumor targeting [83] because the tumor cells with a high proliferation usually overexpress transferrin receptors [88] . The polymer showed higher transfection efficiency in HeLa and HepG2 with much lower toxicity owing to the specific interaction between receptors on the tumor cells and transferrin ligands.
Degradable PEIs as Carrier System for Delivery of Small Interfering RNA
The discovery of Nobel Prize Winning RNA interference (RNAi) concept by Fire and Mello in 1998 has considerably explored our understanding on the effective and targeted gene silencing over the last decade [89] . Moreover, several successful investigations on siRNA [90] [91] [92] led the experts in this field to give more considerable efforts in the progress of siRNA therapeutics for the effective treatment against various incurable diseases, including viral infections and cancers [38, [93] [94] [95] . However, delivery of siRNA is still the prime hurdle for its potential therapeutic applications, since naked siRNA is ineffective in most of the cases due to their too large size (∼13 kDa) and negative charges, thus unable to freely cross the cellular membrane. Hence, design of an effective and safe delivery system for siRNA is a priority demand to be established as an efficient alternative approach for RNAi-oriented study. The concept on designing the degradable PEI derivatives possesses enormous potentials as an alternative carrier system for siRNA, although this strategy is waiting to be saturated at the moment. Tarcha et al. demonstrated the first report on degradable PEI based on beta-aminopropionamide-contained chemically condensed LMW PEI. The polymer was synthesized through Michael addition reaction between the LMW PEI (800 Da) and hexanediol diacrylate to increase chemical stability relative to the ester containing polymers with better degradability through amide-linkages. The synthesized degradable PEI provided enhanced knockdown of luciferase gene of about 80% compared to that of nontargeting scrambled siRNA in stably transfected HUH7 cells [96] .
Disulfide-cross-linked degradable LMW PEI also applied for efficient delivery of siRNA [97] . The study investigated the correlation between cellular internalization and RNAibased efficacy among linear, cross-linked, and branched PEI and indicated that the branching polymer exhibited more efficient siRNA uptake, whereas the release of siRNA was accelerated through cross-linked PEI, indicating the importance of the combination of a high branching and reductively cleavable linkages within degradable PEI to become a clinically successful candidate on improving siRNA-based delivery. In another report, Kwon and coworkers synthesized ketalized linear degradable PEI by reaction between linear PEI (2.5 kDa) and acrylated ketal monomer for successful delivery of siRNA into the cells [98] . The ketalized degradable PEI/siRNA system showed much higher gene silencing capability compared to that of unmodified PEI through the selective cytoplasmic localization and effective disassembly of the complexes prompted successful siRNA release in the cytoplasm owing to the acidic hydrolysis of the ketal linkages [98] .
Jere and coworkers extensively investigated various degradable PEI derivatives for siRNA delivery purpose. They synthesized degradable PEI based on LMW PEI (423 Da) and PEG diacrylate (258 Da) for delivery of si/sh (small hairpin) RNA in lung cancer cell model [99] . The degradable PEI system showed enhanced gene silencing capability using a model siRNA targeting green fluorescence protein (GFP) in A549 cells, which was 1.5-fold higher compared to the PEI 25 kDa and also showed less toxic effects. Furthermore, the polymer efficiently silenced the oncoprotein Akt1 by the delivery of Akt1 shRNA, which also interfered cancercell growth through knockdown of Akt1 in a target-specific manner owing to mainly the nature of polymer degradation. Akt1, known as protein kinase B, is an essential regulator of cell survival [100] and plays a major role in cell proliferation, inhibition of apoptosis, and regulation of protein translation, thus cancer progression [101] . Considering this, they investigated the in vivo efficacy of the degradable PEI/Akt1 siRNA complexes after aerosol administration into the Kras and urethane-induced lung cancer model mice. The result showed significant suppression of Akt1 mRNA and protein levels through the aerosol-administered Akt1 siRNA without affecting Akt2 and Akt3. Moreover, the number of tumors and the average tumor diameter were reduced significantly through the Akt1 siRNA-mediated treatment using degradable PEI as the carrier system [102].
Conclusion
Polymeric gene carriers have been extensively studied over the couple of decades, where cationic PEI-mediated gene vectors have been widely investigated due to their ability to stably condense of DNA and its delivery to cells as well. However, toxicity of PEI has been the prime concern for PEIbased gene carriers because of their nondegradable nature, although PEI-mediated toxicity generally depends on MW and type of PEI structure. Many researchers suggested that the linear and LMW PEIs are more tolerable compared to the branched and high MW ones. Considering the facts, synthesis of degradable PEIs, especially, degradable LMW linear or branched PEIs, has been increasingly studied after cross-linking or grafting using various degradable agents. Here, we comprehensively reviewed the synthesis and generation of various degradable PEI derivatives possessing many desirable properties as potent and safe carrier system for DNA and siRNA in vitro and in vivo. Although various degradable cross-linkers as well as grafted compounds have been applied to synthesize degradable PEIs, the esters or disulfide cross-linkages have been found superior in vitro and in vivo in terms of improving cellular tolerability as well as transfection activity or silencing. Other cross-linked or grafted PEIs are also effective in lowering cytotoxicity and in increasing gene transfection, although more extensive investigations are required. Furthermore, the relationship of PEI structure towards regulation of its cellular toxicity and transfection efficiency should be more elaborately studied to find the optimized degradable PEI candidates as effective gene or siRNA carriers. Also appropriate selections of crosslinkers and/or grafted molecules are essentially important to synthesize degradable PEI derivatives with unique and novel properties. Such a degradable PEI has been recently reported by our group, where the synthesized polymer comprised a polysorbitol cross-linked backbone to its PEI chain, exhibited unique transporter mechanism for accelerated cellular internalization mainly due to polysorbitol cross-linkages. Therefore, appropriate use of cross-linkers or grafted molecules can not only introduce degradable properties to the modified PEI but also be useful to ornament with other functional properties such as accelerating cellular uptake as well as high intracellular selectivity. In this regards, more pharmacodynamic or pharmacokinetic aspects as well as comprehensive in vivo characterizations should be necessarily investigated since a vast of the studies were carried out in vitro or in mouse models to find mechanisms or therapeutic effects. It is expected that the more updated and optimized research on designing nonviral carriers, especially development of degradable PEIs, will expand the use of these systems to design and develop a safe and potent DNA or siRNA carrier for practical applications against various incurable diseases and disorders in near future for the betterment of humankind.
